The relationship between neuronal activity and hemodynamic changes plays a central role in functional neuroimaging. Under normal conditions and in neurological disorders such as epilepsy, it is commonly assumed that increased functional magnetic resonance imaging (fMRI) signals reflect increased neuronal activity and that fMRI decreases represent neuronal activity decreases. Recent work suggests that these assumptions usually hold true in the cerebral cortex. However, less is known about the basis of fMRI signals from subcortical structures such as the thalamus and basal ganglia. We used WAG/Rij rats (Wistar albino Glaxo rats of Rijswijk), an established animal model of human absence epilepsy, to perform fMRI studies with blood oxygen level-dependent and cerebral blood volume (CBV) contrasts at 9.4 tesla, as well as laser Doppler cerebral blood flow (CBF), local field potential (LFP), and multiunit activity (MUA) recordings. We found that, during spike-wave discharges, the somatosensory cortex and thalamus showed increased fMRI, CBV, CBF, LFP, and MUA signals. However, the caudate-putamen showed fMRI, CBV, and CBF decreases despite increases in LFP and MUA signals. Similarly, during normal whisker stimulation, the cortex and thalamus showed increases in CBF and MUA, whereas the caudateputamen showed decreased CBF with increased MUA. These findings suggest that neuroimaging-related signals and electrophysiology tend to agree in the cortex and thalamus but disagree in the caudate-putamen. These opposite changes in vascular and electrical activity indicate that caution should be applied when interpreting fMRI signals in both health and disease from the caudate-putamen, as well as possibly from other subcortical structures.
Introduction
Cortical-subcortical networks are integral to normal information processing in the brain but can also be exploited by abnormal paroxysmal activity, such as seizures. Absence seizures are brief staring spells, which occur most commonly in children and are accompanied by large-amplitude spike-and-wave discharges (SWDs) on electroencephalography (EEG). Neuroimaging, particularly functional magnetic resonance imaging (fMRI), has recently emerged as a powerful tool to elucidate the specific networks involved in SWD. However, fMRI signals are indirectly related to underlying neuronal activity, and paradoxical or unexpected relationships have been observed in brain disorders, including epilepsy (D'Esposito et al., 2003; Schridde et al., 2008; Shih et al., 2009 ). In the cerebral cortex, previous work suggests that fMRI and neuronal activity agree both under normal conditions (Logothetis et al., 2001; Smith et al., 2002; Shmuel et al., 2006) and during SWD (Nersesyan et al., 2004a,b) . However, subcortical structures have not been thoroughly investigated. We therefore sought, through use of a rat SWD model, to relate fMRI signals in cortical and subcortical structures to direct electrical recordings of neuronal activity in the same networks.
Human fMRI studies of SWD have shown fMRI increases and decreases in the cortex, mainly increases in the thalamus and decreases in the basal ganglia (Archer et al., 2003; Gotman et al., 2005; Hamandi et al., 2006; Moeller et al., 2008a; Bai et al., 2010; Berman et al., 2010) . Blood oxygenation level-dependent (BOLD) fMRI signal depends on cerebral blood flow (CBF), cerebral blood volume (CBV), and the cerebral metabolic rate of oxygen consumption (Ogawa et al., 1993 (Ogawa et al., , 1998 . However, relationships between hemodynamic and neuronal activity changes in cortical-subcortical structures during SWD are not known.
We therefore sought to study the relationship between fMRI signals and underlying neuronal activity in the Wistar albino Glaxo rat of Rijswijk (WAG/Rij), an established animal model of human absence epilepsy Coenen and Van Luijtelaar, 2003) . Previous electrophysiological and fMRI studies of SWD in WAG/Rij rats have shown intense involvement of a specific region of the face cortex overlapping somatosensory barrel cortex (S1BF) (Meeren et al., 2002; Nersesyan et al., 2004b) . In addition, previous work has demonstrated subcortical network involvement of the thalamus and basal ganglia during SWD in WAG/Rij rats (Lasoń et al., 1992; Nersesyan et al., 2004a ) and related models (Deransart et al., 1998; Slaght et al., 2004; David et al., 2008) .
We performed simultaneous EEG-fMRI to measure BOLDand CBV-related changes in cortical and subcortical networks during SWD. With this approach, we identified prominent increases in somatosensory barrel cortex and thalamus and decreases in the basal ganglia. We next investigated the physiological basis of these changes through multiunit, local field potential (LFP), and laser Doppler flowmetry CBF measurements in these three regions, comparing similar experiments in SWD and normal whisker stimulation. fMRI increases in cortex and thalamus during SWD were associated with the expected increases in electrophysiological activity and CBF. However, the basal ganglia showed paradoxical fMRI and CBF decreases despite increases in neuronal electrical activity.
Materials and Methods
All experimental procedures were in full compliance with Yale University Institutional Animal Care and Use Committee protocols approved in agreement with the National Institutes of Health. Data from 43 adult (36 female) WAG/Rij rats (Harlan) aged 10 Ϯ 1 months (mean Ϯ SEM) with an average weight of 220 Ϯ 1 g were included in this study. Twenty-two rats were used for the fMRI experiments, and 21 rats were used for combined neurophysiological and laser Doppler flowmetry CBF recordings.
Animal preparation and general procedures
Anesthesia was induced using 1.5% halothane (Halocarbon Products) and later switched to intravenous fentanyl (40 g/kg; Hospira) and intraperitoneal haloperidol (1 mg/kg; Bedford Labs) because fentanylhaloperidol anesthesia does not suppress SWDs (Pinault et al., 1998) . To prevent any movements during the fMRI experiments and to facilitate artificial breathing, rats were paralyzed by intravenous injections of 0.5 mg/kg D-tubocurarine chloride (Sigma-Aldrich) every 2 h, tracheotomized, and artificially ventilated as in previous investigations (Nersesyan et al., 2004a; Englot et al., 2008) . Level of anesthesia was assessed by heart rate, blood pressure, and continuous EEG monitoring. Anesthesia was maintained by injection of a similar dose of fentanyl and haloperidol every 45 min. One femoral vein was cannulated, and an intraperitoneal line was placed (Intramedic PE10 tubing; BD Biosciences) for the injections of anesthetics. A femoral artery was cannulated (Intramedic PE50 tubing; BD Biosciences) for continuous arterial blood pressure monitoring and periodic blood sampling for measurements of blood gases and pH using either an i-STAT 1 (i-STAT Corporation) or an ABL 5 blood gas analyzer (Radiometer Analytical). All physiological values (blood gases, mean arterial blood pressure, and pH) were maintained within physiological range throughout the experiments as described previously Schridde et al., 2008) , by adjusting respiration and level of anesthesia throughout the experiments. The body temperature of the rat was monitored with a rectal probe and kept constant at 37°C using a water heating pad (model #TP3E; Gaymar Industries). MRI experiments and neurophysiological recordings were acquired over a time period of 20 -30 min. Under these conditions, animals typically have multiple episodes of spontaneous SWDs as described previously (Nersesyan et al., 2004a,b) .
MRI experiments
Twenty-two rats were used for fMRI experiments, obtained in a total of 51 fMRI experimental runs. BOLD data were acquired from all 22 rats, and five of these rats were also used for CBV measurements after at least one successful BOLD run. Experiments with no seizures, continuous seizures resulting in lack of baseline EEG, poor systemic physiology, motion in fMRI images, or abortion of fMRI data acquisition attributable to technical reasons were excluded from analysis. BOLD fMRI experiments were performed without exogenous contrast administration. For CBV-weighted fMRI experiments, a dose of 10 -18 mg/kg iron oxide contrast agent [Combidex (ferumoxtran-10); Advanced Magnetics] was administered intravenously 10 -15 min before image acquisition.
During MRI recordings, the rat was positioned prone in a specially designed plastic holder with the head fixed and bregma positioned at the center of the surface coil. The animals were then inserted into the magnet with its head positioned at the isocenter of the magnet. EEG signals were acquired simultaneously with fMRI using a pair of 1-mm-diameter carbon-filament electrodes (WPI). These carbon filaments were placed between the scalp and the upper surface of the skull in the frontal and occipital areas, with the exposed portion of each electrode running in the coronal plane crossing the midline (from left to right), and secured to the skin with tissue glue (3M Vetbond; 3M Animal Care Products) to minimize MRI signal distortion . The EEG signals were acquired in differential mode between the two carbon-filament electrodes, amplified (100ϫ) and filtered (1-30 Hz) using a model 79D Data Recording System (Grass Instruments). EEG signals were digitized and recorded (sampling rate, 1000 Hz) using a CED Micro 1401 and Spike 2 software (Cambridge Electronics Design).
All fMRI experiments were acquired on a 9.4 Tesla Bruker (Bruker Avance) horizontal bore (16 cm internal diameter) spectrometer, equipped with passively shielded shim/gradient coils (47.5 g/cm) operating at 400.5 MHz for protons. The transceiver system consisted of a surface coil (15.18 mm diameter) for transmission of radio frequency pulses and receiving. To optimize the homogeneity of the static magnetic field, the system was shimmed before each experiment using global manual shimming.
Anatomical images for each animal were acquired with 5 or 11 interlaced slices in the coronal plane using the fast low-angle shot sequence with the following parameters: repetition time (TR), 500 ms; echo time (TE), 6 ms; flip angle, 40 -55°; field of view (FOV), 25 ϫ 25 mm; 256 ϫ 256 matrix size; in-plane resolution, 98 ϫ 98 m; and slice thickness, 1000 m, no gap. BOLD and CBV-weighted fMRI data were obtained in the same planes as anatomical images. We used single-shot spin echo, echo planar imaging (SE-EPI; 22 experimental runs in 16 animals) or echo planar imaging, gradient echo (GE-EPI; 25 experimental runs in 13 animals; seven animals had both SE and GE acquisitions) and obtained similar results with both approaches. SE-EPI data were acquired with the following parameters: TR, 1000 ms; TE, 25 ms; excitation flip angle, 90°; inversion flip angle, 180°; FOV, 25 ϫ 25 mm; 64 ϫ 64 matrix size; in-plane resolution of 390 ϫ 390 m; and slice thickness, 1000 m. All SE-EPI experiments were acquired with 11 slices. The 11 slices were acquired over 1000 ms, followed by a 2 or 5 s pause before the next image onset so that EEG could readily be interpreted during data acquisition; time between onset of consecutive image acquisitions was therefore 3 or 6 s. We acquired 300 -600 images per run, resulting in a total imaging time of 1800 s for most experimental runs (a shorter imaging time of 900 or 1500 s was used for two runs). GE-EPI data were acquired with following parameters: TR, 1000 ms; TE, 13 ms; FOV, 25 ϫ 25 mm; 64 ϫ 64 matrix size; and in-plane resolution of 390 ϫ 390 m. For most GE-EPI runs, slice thickness was 2000 m, and five slices were acquired over 1000 ms, followed by a 2 s pause; time between consecutive image onsets was therefore 3 s. We acquired 300 -400 images per run, with a total imaging time of 900 s for most runs. For two GE-EPI runs, slice thickness was 1000 m (like in SE-EPI runs), resulting in 11 slices acquired every 3 s, with 400 total images obtained over 1200 s. Images from the first 48 s of each run were discarded from analysis.
Neurophysiological and laser Doppler flowmetry CBF recording experiments
Twenty-one rats were used for acute electrophysiological and laser Doppler flowmetry CBF recordings, acquired in 34 experimental runs, each lasting ϳ30 min. Experiments with no seizures, poor systemic physiology, or lack of histological verification of probe placements were excluded from analysis. In each experiment, signals were recorded simultaneously either from S1BF and caudate-putamen (CPu) or from S1BF and ventral posterior medial nucleus of thalamus (VPM) during multiple SWD.
Rats were mounted in a stereotaxic frame (David Kopf Instruments) in a Faraday cage, the skin and underlying tissue over the skull were removed, and small burr holes were drilled. For simultaneous electrophysiology and local CBF measurements, we used a high-impedance 2-4 M⍀ tungsten microelectrode (part #UEWMGGSEDNNM; FHC) attached to an Oxyflo MNP 110 XP needle laser Doppler flow probe (outer diameter, 0.5 mm), connected to an Oxyflo model 4000 (Oxford Optronix). For each experiment, a microelectrode/laser Doppler probe assembly was placed in two of the following three brain region at a time: S1BF [anteroposterior (AP), Ϫ2.3 mm; mediolateral (ML), Ϫ5.02 mm], VPM (AP, Ϫ3.3 mm; ML, ϩ3.20 mm), and caudate-putamen (CPu) (AP, 0.0 mm; ML, ϩ4.00 mm), measured from bregma. All coordinates were determined according to a standard rat brain atlas (Paxinos and Watson, 1998 ) and corresponded to maximum fMRI signal changes ( Fig. 1 A, B) . We matched coordinates as closely as possible; however, these coordinates may be off by Ϯ1 mm in MRI slices compared with rat brain atlas (Paxinos and Watson, 1998) . Duratomy was performed to facilitate microelectrode/probe insertion, and the recording probes were lowered under auditory and visual guidance until touching the cortex, which marked the SI zero point for microelectrode/probe insertion. The probes were then lowered slowly in CPu and VPM perpendicular to skull and at 30°angle to skull in S1BF to a final SI depth of 3.5-4.5 mm for CPu, 0.6 -1.6 mm for S1BF, and 4.5-5.5 mm for VPM. The tip of the microelectrode was placed ϳ200 -400 m below the laser Doppler probe to ensure that the sampling volumes of all measurements were overlapping. Signals from the microelectrodes were first acquired broadband (1 Hz to 10 kHz) and amplified using a microelectrode alternating current amplifier model 1800 (A-M Systems) with 100ϫ gain during spontaneous Figure 1 . Example of BOLD fMRI changes 2-4 s after SWD onset in a WAG/Rij rat at 9.4 T and overlay of t maps on rat brain atlas. A, S1BF and thalamus (Thal) show prominent increases in BOLD signal during SWDs. Prominent BOLD decreases are present in the CPu. No changes are seen in V1M or hippocampus (Hc). Smaller changes are seen in other areas. Simultaneous EEG acquired during fMRI was used to identify images obtained 2-4 s after SWD onset for comparison with baseline images obtained immediately before start of SWDs. Results are displayed as t maps of BOLD fMRI signal superimposed on high-resolution anatomical images. t values were generated using a paired t test in which pairs consisted of one seizure acquisition taken 2-4 s after seizure onset and the baseline images acquired just preceding SWD onset (n ϭ 26 SWD episodes). Slices are shown from anterior to posterior, with approximate coordinates relative to bregma (Paxinos and Watson, 1998) . Color bars indicate t values for increases (warm colors) and decreases (cold colors). Threshold value t Ͼ 2. B, Overlay of t maps on rat brain atlas (Paxinos and Watson, 1998 , reproduced with permission) shows anatomical locations of BOLD fMRI signal increases and decreases.
SWD in WAG/Rij rats. Signals were then filtered with a model 3363 Butterworth filter (24 dB/octave attenuation) (Krohn-Hite) into lowfrequency band for LFP (1-100 Hz) and high-frequency band for multiunit activity (MUA) (400 -10 kHz) (Shmuel et al., 2006; Englot et al., 2008; Schridde et al., 2008) . All signals were recorded using Spike 2 software and digitized with a Power 1401 (Cambridge Electronics Design) at a sampling rate of 1 kHz for EEG, LFP, and CBF and 20 kHz for MUA.
Whisker stimulation was performed with electrophysiological and CBF recordings in the same animals in which SWDs were measured using methods described previously (Nersesyan et al., 2004b) . We performed mechanical stimulation of all whiskers in harmony on the rat's left or right snout, depending on recording side, with a wooden probe using forward and backward movements without touching the skin at ϳ10 min intervals, with stimulus duration of 4 s and at a frequency of 5 Hz. Electrophysiological and CBF recordings were performed from S1BF, VPM, and CPu to measure the response to contralateral whisker stimulation.
Histological verification of recording sites
At the end of experiments, rats were killed with an intraperitoneal injection of Euthasol (Virbac), brains were harvested, and all microelectrode and laser Doppler probe assembly placements were verified histologically. The brains were rapidly removed and transferred to 4% phosphatebuffered paraformaldehyde, pH 7.4. After 1 week of fixation in 4% paraformaldehyde in PBS, brains were then immersed in 30% sucrose for at least 2 d until they sank in sucrose solution. All brains (n ϭ 21) were sliced to 60 m thick slices, transferred on gelatin-coated glass slides, and stained with cresyl violet, and images were taken to ensure correct position of recording probes in the brain. Locations of the microelectrode/ laser Doppler probe assembly were marked based on tissue damage seen on cresyl violet-stained histology sections, and recorded sites were mapped on coronal brain section schematics from a standard atlas (see Fig. 4 ) (Paxinos and Watson 1998) . All nonconfirmed experiments were discarded from the analysis.
EEG analysis and SWD definition
All EEG signals acquired during fMRI experiments were first processed using Spike 2 software, and methods were used to reduce magnetic fieldinduced artifacts similar to those described previously (Nersesyan et al., 2004a; Englot et al., 2008; Schridde et al., 2008) . All EEG data acquired during fMRI and neurophysiology experiments were marked for individual SWD onset and offset time in Spike 2 software manually using a script provided by Cambridge Electronics Design. SWDs were defined as largeamplitude (more than two times the peak-to-peak amplitude baseline EEG) rhythmic 5-8 Hz discharges with typical spike-wave morphology lasting Ͼ1.0 s (Coenen and Van Luijtelaar, 1987; Blumenfeld et al., 2008) . The SWD onset and end time marks were used for all subsequent analyses of fMRI and physiology data. Overall mean SWD duration for all experiments was 2.96 Ϯ 2.06 s (mean Ϯ SD; n ϭ 2760 SWDs total), similar to that in previous work (Nersesyan et al., 2004a,b) .
To facilitate comparison of fMRI and physiology data, the onset time of each SWD was used as "time 0" for binning and analyzing time series data across multiple SWDs. Temporally aligning the onset time of multiple SWDs allowed mean changes to be determined in specific time bins before and after SWD onset.
fMRI data analysis and statistics fMRI images were processed using an in-house program running on a MATLAB platform (MathWorks) written by the authors (F.H., J.E.M., and M.J.P.). Although rats were paralyzed during experiments, all fMRI series were first screened for movement artifacts using a movie function and center-of-mass analysis, restricted to voxels within the brain boundaries, to ensure that all runs exhibited movement of Ͻ20% of a pixel in either the x or y direction as described previously (Nersesyan et al., 2004a; Schridde et al., 2008; DeSalvo et al., 2010) .
Analysis of all fMRI data was performed using 2 s time bins, temporally aligning all SWD episodes by setting SWD onset as time 0. Baseline was obtained for each SWD episode using any images acquired during the 6.5 s interval preceding each SWD, with the additional requirement that no images were included in baseline if a preceding SWD event continued or ended within 3 s of image onset. If more than one image occurred during the baseline interval for any given SWD, these were averaged to obtain a single baseline image. For electrophysiology (higher sampling rate), we used 2 s baselines because this provided enough baseline signal for comparison, but results were not altered if a longer (e.g., 6.5 s) baseline was used (data not shown). All fMRI time series contained a spatially inhomogeneous component attributable to MR scanner drift over the 30 min experimental run (Smith et al., 1999; Foerster et al., 2005; Benner et al., 2006) . This component was removed by subtracting a third-order polynomial fit of each dataset. We verified that seizure events did not contribute to polynomial fit because seizures are very brief (ϳ3 s) events compared with 30 min of fMRI run, and seizures were on average distributed evenly throughout the scan time (data not shown).
BOLD t map calculations. BOLD fMRI t maps were calculated using a paired t test in which each pair consisted of one baseline image (defined above) and one seizure image acquired in the time bin 2-4 s after seizure onset, because this time bin showed maximum changes in fMRI and electrical signals. t maps were obtained across multiple SWD episodes from each experimental run and displayed using threshold t Ͼ 2. The t maps were superimposed onto corresponding high-resolution anatomical images from the same animal, and regional changes were identified based on a standard rat atlas (Paxinos and Watson, 1998) .
CBV t map calculations. For CBV analysis, additional calculations were necessary. The fMRI signal obtained after iron oxide contrast administration is a combination of the BOLD signal attributable to deoxyhemoglobin and of the CBV-related signal attributable to the exogenous contrast. With large CBV changes, the contribution of the BOLD signal is relatively small, and therefore CBV changes can be measured to a first approximation as the change in total fMRI signal in the presence of iron oxide contrast. This approach was used in a recent chemically induced tonic-clonic seizure model , although a much higher contrast dose was needed in a rat model of smaller partial seizures . This approach, however, is not a reliable estimate of CBV changes during SWD because neuronal activity and CBF changes are relatively small (Nersesyan et al., 2004a,b) . If during a given perturbation there is an obligatory BOLD signal increase (attributable to endogenous hemoglobin as the contrast agent), at the same time during a CBV experiment, there is a necessary CBV signal decrease (attributable to exogenous superparamagnetic nanoparticles as the contrast agent). Because both signal changes are attributable to changes in the transverse relaxation rate of tissue water, the BOLD effect has to be removed from the CBV effect for the volume change to be quantified during SWD, as shown by the following equation (Kennan et al., 1998; Hyder, 2004) :
where ⌬CBV/CBV is the calculated fractional change in CBV during an individual SWD, ⌬S CBV is fMRI signal changes during individual SWDs with contrast, S CBV is baseline fMRI signal with contrast for individual SWD, ⌬S BOLD is mean fMRI signal changes across SWD without contrast, and S BOLD is mean baseline fMRI signal across SWD without contrast. For these calculations, S CBV data were obtained during multiple SWD episodes with contrast, and mean S BOLD data were obtained from another run (without contrast) from the same animal.
S CBV 0 and S BOLD 0 were defined as the MRI signal as TE approaches 0, with and without contrast, respectively (Hyder, 2004) . We obtained these values for both GE and SE sequences by acquiring structural images with TE ranging from 31 to 5 ms and computing mean values of absolute signal intensity across slices. These mean values were plotted, and a thirdorder polynomial regression was used to estimate S BOLD 0 and S CBV 0 as TE approaches 0.
As with BOLD t map calculations, we evaluated CBV t maps in the 2-4 s time bin after SWD onset, because this represents peak changes. Using the above equation, we calculated ⌬CBV/CBV using ⌬S CBV /S CBV in the 2-4 s bin for each SWD together with the mean value for ⌬S BOLD /S BOLD in the 2-4 s time bin from another run in the same animal without contrast. We then used a one-sample t test to determine the significance of ⌬CBV/CBV across multiple SWD episodes from each experimental run (null hypothesis ϭ no change). As with BOLD t maps, the CBV t maps were displayed with threshold t Ͼ 2, superimposed onto corresponding high-resolution anatomical images from the same animal, and changes were identified based on a standard rat atlas (Paxinos and Watson, 1998) .
BOLD and CBV time courses. Time course analysis focused on specific regions of interest (ROIs) in which large fMRI signal changes were seen most consistently, namely S1BF, thalamus, and CPu (Fig. 1 B) (see Fig.  3A ), also matching the stereotaxic locations of physiology recordings (see Fig. 4 ). ROI time course analyses were done using an in-house program running on a MATLAB platform. ROIs were drawn separately for each animal in the coronal plane of high-resolution anatomical images (see Fig.  3A ) guided by a rat brain atlas (Paxinos and Watson, 1998) . Baseline images and images for 2 s time bins were obtained as described above. The mean signal was calculated for each ROI at each point in time. The percentage change relative to baseline was then calculated from 2 s before to 11 s after each SWD. Data were pooled by averaging across SWD within the experimental run and then across runs for each animal to yield a single time course in 2 s time bins per animal. Mean time courses and statistics were then calculated across animals. To compare amplitude of changes in different regions from fMRI and physiology measurements, we analyzed the mean change in the 2-4 s time bin after SWD onset, because maximal changes usually occurred at this time.
Electrophysiology and laser Doppler flowmetry CBF analysis
Data were prepared for analysis by defining (1) baseline as the last 2 s of artifact-free recording immediately before the SWD onset and (2) SWD as defined above. SWD onset and offset were marked on the EEG signals using Spike 2, as described above, and these times were used for analyzing the simultaneously acquired MUA, LFP, and CBF signals. For MUA, peristimulus time histograms (PSTHs) were constructed in Spike 2 using a template-matching algorithm as described previously (Nersesyan et al., 2004b) . MUA, LFP, and CBF signals were processed further using an in-house program running on a MATLAB platform. For analyzing LFP and MUA signal amplitude during SWD, the root mean square voltage (Vrms) was measured in consecutive non-overlapping 0.5 s time bins from 2 s before to 9 s after SWD onset. Mean CBF signals were also calculated for the same 0.5 s bins. To show a time course of mean percentage changes for MUA, LFP, or CBF, we plotted [(signal during SWD Ϫ mean baseline)/mean baseline] ϫ 100, for consecutive nonoverlapping 0.5 s intervals from 2 s before to 9 s after SWD onset. As with the BOLD and CBV time courses, data across SWD and experimental runs were first pooled by averaging within each animal, and all graphs were then plotted as mean across animals.
To perform statistical analysis across fMRI, electrophysiology, and laser Doppler flow- Figure 2 . Example of CBV changes during SWDs in a WAG/Rij rat at 9.4 T. S1BF and thalamus (Thal) show prominent increases in CBV signal during SWD, whereas CPu shows decreases, with similar regions and direction of changes compared with BOLD fMRI (Fig. 1) . Simultaneous EEG acquired during fMRI was used to identify images obtained 2-4 s after SWD onset. t maps of CBV changes during SWD were calculated as described in Materials and Methods and superimposed on anatomical images. Slices are shown from anterior to posterior, with approximate coordinates relative to bregma (Paxinos and Watson, 1998) . Color bars indicate t values for increases (warm colors) and decreases (cold colors). n ϭ 6 SWDs during CBV and 10 SWDs during BOLD in the same animal used for CBV calculations (see Materials and Methods). Threshold value t Ͼ 2. (33) 9 ( 
Data represent total number of animals (number of experimental runs) showing increases or decreases on review of t maps for each experiment. A total of 22 animals (45 experimental runs) were analyzed for BOLD, and five animals (six experimental runs) were analyzed for CBV.
metry time courses, we calculated the mean percentage signal change separately for all imaging ROIs, LFP signal amplitude, MUA signal amplitude, and CBF signals during the 2-4 s after SWD onset (time of usual maximal signal change). ANOVA with post hoc Bonferroni's correction for multiple comparisons was used to detect differences in fMRI BOLD and CBV signals from CPu, S1BF, and thalamus and electrophysiology and CBF signals from CPu, S1BF, and VPM. All statistical tests were processed using SPSS 17 (SPSS), and level significance was assessed at p Ͻ 0.05. For all BOLD, CBV, LFP, MUA, and CBF calculations, results were similar regardless of whether statistics were performed across SWD episodes, experimental runs, or animals. We chose the more conservative approach of using number of animals as our sample size, pooling first by averaging across SWD and across experimental runs within each animal, and then performing calculations across animals.
Results

Mapping BOLD and CBV signal changes during spike-wave seizures
We first used BOLD fMRI to map cortical and subcortical regions showing increases and decreases during SWD. We analyzed BOLD fMRI data from a total of 1856 SWD events from 45 experimental runs in 22 WAG/Rij rats. BOLD fMRI during SWD did not involve the whole brain uniformly but rather showed both increases and decreases in specific cortical and subcortical brain regions (Fig. 1) . Based on t maps from all animals, we found intense bilateral increases in S1BF (100%, or 22 of 22 rats), thalamus (100%, or 22 of 22 rats), anterior cingulate (91%, or 20 of 22 rats), posterior cingulate/retrosplenial cortex (86%, or 19 of 22 rats), and superior colliculi (41%, or 9 of 22 rats) ( Table 1 ). In addition, there were several other brain regions in which no changes were observed during SWD, including the hippocampus and the primary visual cortex (V1M) (data not shown in Table) . We also found prominent and symmetrical bilateral decreases in the BOLD fMRI signal in the CPu (81%, or 18 of 22 rats) (Fig. 1,  Table 1 ). Similarly, reanalysis of our previous data with whisker stimulation performed under different anesthesia conditions (Sanganahalli et al., , 2009a showed fMRI decreases in the CPu resembling the fMRI decreases during SWD (data not shown).
For comparison, we analyzed pairs of baseline BOLD fMRI images (image pairs during times with no SWD) at similar time intervals and using the same number of images as in the SWD analysis and did not observe significant changes in any brain region (data not shown). To test the bilateral nature of fMRI changes, we compared the mean fMRI signal changes in left and right structures during the first 4 s after SWD onset and did not find significant differences between the two sides (p Ͼ 0.2).
Although BOLD fMRI increases during seizures are typically positively correlated with increased blood flow and neuronal activity, BOLD fMRI decreases are less straightforward. For example, we have seen BOLD fMRI decreases accompanied by either increases or decreases in CBV, blood flow, and neuronal activity. To begin to investigate this, CBV data were analyzed from a total of 418 SWD events from six experimental runs in five rats. CBV t maps demonstrated regional changes (Fig. 2) that closely resembled BOLD fMRI t maps for both regional increases and decreases. We found bilateral CBV increases in the S1BF (100%, or 5 of 5 rats), thalamus (100%, or 5 of 5 rats), anterior cingulate (80%, or 4 of 5 rats), and posterior cingulate/retrosplenial cortex (60%, or 3 of 5 rats) and bilateral decreases in the anterior cingulate (20%, or 1 of 5 rats), posterior cingulate/retrosplenial cortex (20%, or 1 of 5 rats), and CPu (100%, or 5 of 5 rats) ( Table 1) .
Time course of BOLD and CBV signals during spike-wave seizures
To further characterize the pattern of increases and decreases and to compare neuroimaging changes with direct measurements of neurophysiology, we next analyzed the BOLD and CBV time courses for the regions most intensely involved in SWD. This analysis focused on the time courses of signal percentage changes in S1BF, thalamus, and CPu (Fig. 3A) . We also show time courses from hippocampus for comparison. We found that BOLD fMRI signals increased in S1BF and thalamus during SWD events, with signals peaking at 2-4 s after SWD onset and returning toward baseline by 6 -8 s after onset (Fig. 3B) . Conversely, BOLD fMRI signals in CPu showed decreases with lowest values also occurring at 2-4 s after SWD onset and returning toward baseline by 6 -8 s after onset (Fig. 3B) . BOLD signal (from 2 to 4 s after SWD onset) in CPu was significantly different compared with S1BF and thalamus (p ϭ 5.2 ϫ 10 Ϫ9 and 3.7 ϫ 10 Ϫ6 , respectively, with Bonferroni's correction for multiple comparisons), whereas there was no significant difference between signal from S1BF and thalamus (see Fig. 8 A) . In the hippocampus, unlike S1BF, VPM, and CPu, we found no significant difference in BOLD signal 2-4 s after SWD onset versus baseline (Fig. 3B) (data not shown), a transient initial dip could have been missed with these methods, unlike higher temporal resolution techniques such as optical imaging.
Time courses of percentage change in CBV similarly showed increases in S1BF and thalamus and decreases in CPu, with maximal deflections occurring 2-4 s after SWD onset (Fig. 3C) . Mean CBV change (from 2 to 4 s after SWD onset) in CPu was significantly different compared with S1BF and thalamus (p ϭ 8.02 ϫ 10 Ϫ5 and 9.57 ϫ 10 Ϫ5 , respectively, with Bonferroni's correction for multiple comparisons), whereas no significant difference was observed between S1BF and thalamus (see Fig. 8 B) . For comparison, the hippocampus again showed no significant signal change 2-4 s after SWD onset versus baseline (Fig. 3C) (p ϭ 0.84) .
Neuronal activity and CBF during SWD show paradoxical changes in CPu
We next used direct electrophysiological and CBF measurements to investigate the basis of cortical and thalamic fMRI increases, as well as CPu fMRI decreases. In particular, if normal neurovascular coupling operates under these conditions, we would expect to see neuronal activity increases in cortex and thalamus; conversely, neuronal activity decreases would be expected in CPu. Electrophysiological and CBF recordings were performed during 704 SWDs from S1BF (n ϭ 13 animals in 23 experimental runs), 436 SWDs from VPM (n ϭ 9 animals in 14 experimental runs), and 268 SWDs from CPu (n ϭ 6 animals in 8 experimental runs). For simultaneous recordings of electrophysiology and CBF changes with laser Doppler flowmetry, we focused our studies in the S1BF, VPM, and CPu because these regions were found to be maximally involved during SWDs in our fMRI studies. Electrode locations verified histologically (Fig. 4 ) matched reasonably well with ROIs used for image analysis (Fig. 3A) .
During SWDs (Fig. 5A , scalp EEG), we observed that S1BF and VPM both showed immediate increases in MUA and LFP, followed by increases in CBF peaking a few seconds after SWD onset (Fig.  5 B, C) . In contrast, in CPu, we observed a large increase in LFP and a smaller increase in MUA, accompanied by prominent CBF decreases during SWDs (Fig.  5D) . Because CBF and neuronal activity changes are in opposite directions in CPu, these findings are not compatible with normal neurovascular coupling. PSTHs of unit activity around the seizures from CPu, S1BF, and VPM (Fig. 6 A-C) show large increases in neuronal firing in S1BF and VPM, whereas CPu showed a relatively small increase.
In group time courses, again all signals increased in S1BF and VPM, whereas signals diverged in CPu. Thus, S1BF and VPM showed increases in percentage change LFP and MUA signal amplitude during SWDs (Fig. 7 A, C) , followed by mean CBF increases in S1BF and VPM (Fig. 7E) . Surprisingly, CPu showed a small increase in MUA and a disproportionately large increase in LFP signal amplitude (Fig. 7 A, C) . These electrophysiological changes in CPu were associated with a large decrease in CBF (Fig. 7E) . One possible concern is that calculating Figure 5 . SWDs produce increased electrical activity with increased CBF in cortex and thalamus but decreased CBF in striatum. A-C, Example of simultaneous recordings of MUA, LFPs, and laser Doppler CBF from S1BF and VPM, as well as scalp EEG during three consecutive SWD episodes. A, Scalp EEG demonstrating three SWD episodes. B, Recordings from S1BF during SWDs show increases in multiunit activity and local field potentials, followed by an increase in CBF. C, Recordings from VPM during SWD show increases in local field potentials and multiunit activity, followed by an increase in CBF. D, Example from a different animal of simultaneous recordings of scalp EEG, MUA, LFP, and CBF from CPu during SWD episodes (simultaneous S1BF recordings for this animal are not shown). Recordings from CPu during SWD show increases in LFP, subtle increases in MUA, and large decreases in CBF. Recordings of CBF (in B-D) are displayed with 0.5 s time bins.
percentage change in LFP and MUA signal amplitude from baseline may distort the relative amplitudes because the baseline signal is not the same in all regions. Therefore, we also plotted mean LFP and MUA signal amplitude without dividing by baseline (Fig. 7 B, D) and still found increases in electrophysiology signals in all regions with similar relative changes to those seen with the percentage calculations (Fig. 7 A, C) .
The CBF signal (from 2 to 4 s after SWD onset) in CPu was significantly decreased compared with the CBF signal in S1BF and VPM (p ϭ 1.4 ϫ 10 Ϫ7 and 6.1 ϫ 10 Ϫ8 , respectively, with Bonferroni's correction for multiple comparisons) (Fig. 8C) . CBF signals were not significantly different between S1BF and VPM.
Increases in LFP signal amplitude in CPu were significantly higher compared with S1BF and VPM (p ϭ 1.1 ϫ 10 Ϫ8 and 4.4 ϫ 10 Ϫ8 , respectively, Bonferroni's corrected) (Fig. 8 D) . LFP signal amplitude (from 2 to 4 s after SWD onset) was not significantly different in VPM compared with S1BF (p ϭ 0.32).
MUA signal amplitude (from 2 to 4 s after SWD onset) in CPu was significantly lower compared with S1BF and VPM (p ϭ 7.9 ϫ 10 Ϫ4 and 5.5 ϫ 10 Ϫ5 , respectively, Bonferroni's corrected), whereas no significant difference was observed in MUA signal amplitude between S1BF and VPM (Fig. 8 E) .
Normal somatosensory stimulation is also associated with paradoxical changes in CPu
We next asked whether the observed changes were specific to SWDs or may also occur with normal somatosensory stimulation. We obtained electrophysiology and CBF data from a total of 104 whisker stimulations, 41 recorded from S1BF (n ϭ 13 animals in 23 experimental runs), 31 from VPM (n ϭ 8 animals in 13 experimental runs), and 32 from CPu (n ϭ 6 animals in 8 experimental runs). In agreement with a previous report (Nersesyan et al., 2004b) , we found similar but slightly greater increases in mean CBF and MUA signals in S1BF with whisker stimulation (Fig. 8 F, G ) compared with SWDs (Fig. 8C,E) . LFP could not be analyzed reliably because of low-frequency voltage artifacts introduced by the whisker stimulus. In VPM, we also observed increases in MUA and CBF during whisker stimulations that were generally similar to SWDs (Fig. 8C-G) . Interestingly, CPu also showed similar changes during whisker stimulation and SWDs. Thus, we observed CBF decreases in CPu during whisker stimulation (Fig. 8 F) despite the presence of MUA increases (Fig. 8G) . Therefore, the paradoxical CBF decreases observed during MUA increases in CPu are not specific to SWDs, because they are also present during normal whisker stimulation in WAG/Rij rats, in agreement with previous somatosensory stimuli in non-epileptic rats (Shih et al., 2009 (Shih et al., , 2011 .
In summary, neuroimaging measures such as BOLD, CBV, and CBF during SWD and whisker stimulation showed increases in cortex and thalamus but decreases in CPu (Fig. 8 A-C,F ) . In contrast, electrophysiological measurements including LFP (Fig. 4) were matched to ROIs chosen in analyzing fMRI signal time courses (Fig. 3) . During seizures, LFPs (A, B) and MUA (C, D) showed a marked increase in signal amplitude in S1BF and VPM, accompanied by strong increases in CBF (E). In contrast, CPu recordings showed intense signal increases for LFP (A, B) associated with a small increase in MUA (C, D) and a large decrease in CBF (E) during SWDs. Note that y-axes in A-E are not drawn to the same scale. Time courses are displayed as mean Ϯ SEM, with 0.5 s time bins. Data are from S1BF (n ϭ 13 animals), VPM (n ϭ 9 animals), and CPu (n ϭ 6 animals). Vertical line at time ϭ 0 marks SWD onset.
and MUA showed increased activity in all three regions (Fig.  8 D, E,G) .
Discussion
We investigated the relationship between neuroimaging signals and electrophysiology in cortical and subcortical structures in the WAG/Rij rat. In the cortex, fMRI neuroimaging-related signals such as BOLD, CBV, and CBF agreed with electrophysiological measurements of MUA and LFP. Similar agreement between neuroimaging and electrophysiology was obtained in one important subcortical region, the thalamic VPM. However, in another subcortical structure, the caudate-putamen, fMRI BOLD, CBV, and laser Doppler CBF measurements all showed strong decreases, whereas electrophysiological measurements showed increased neuronal activity. Despite neuroimaging signal decreases in CPu, we saw large increases in LFP along with smaller increases in MUA in the same region. Similar relationships were found both during SWDs and normal whisker stimulation. These findings suggest that neurovascular coupling operates in the expected manner in the cortical S1BF and subcortical VPM of the thalamus, but we observed a striking reverse coupling of neuronal and vascular activity in CPu.
Previous work suggests that fMRI increases in the cortex during SWD are closely related to changes in neuronal activity (Nersesyan et al., 2004a,b) . In agreement with the present findings, these studies found increases in BOLD, CBF, and electrophysiological measurements in S1BF, whereas other regions, such as the occipital cortex, were relatively spared. Focal cortical involvement may be important for the pathophysiology (Meeren et al., 2002 (Meeren et al., , 2005 Klein et al., 2004) and chronic brain changes in spikewave epilepsy Caplan et al., 2009; Chahboune et al., 2009) . Numerous other studies also support the general agreement of fMRI and neuronal activity increases in the cortex during normal sensory activation (Logothetis et al., 2001; Smith et al., 2002; Maandag et al., 2007; Sanganahalli et al., 2009b) . Human fMRI studies during SWD have shown a combination of regional cortical increases and decreases (Archer et al., 2003; Salek-Haddadi et al., 2003; Aghakhani et al., 2004; Gotman et al., 2005; Labate et al., 2005; Hamandi et al., 2006; Laufs et al., 2006; Hawco et al., 2007; Moeller et al., 2008a,b; Vaudano et al., 2009; Bai et al., 2010; Berman et al., 2010) . Recent work suggests that this may be related to the variable time course of fMRI signals in different brain regions during human SWDs (Moeller et al., 2008b; Bai et al., 2010) . It will be important to investigate further the neuronal basis of variable cortical fMRI changes during SWDs, although because rat models show mainly cortical increases (Tenney et al., 2003 (Tenney et al., , 2004 Nersesyan et al., 2004a; David et al., 2008) , additional novel animal models may be helpful.
Human fMRI studies have shown consistent fMRI increases in the thalamus during SWDs (Salek-Haddadi et al., 2003; Aghakhani et al., 2004; Gotman et al., 2005; Labate et al., 2005; Hamandi et al., 2006; Laufs et al., 2006; Hawco et al., 2007; Moeller et al., 2008a,b; Vaudano et al., 2009; Bai et al., 2010; Berman et al., 2010) . Previous work has not directly related thalamic neuroimaging signals to electrophysiology during SWD. In the present study, we found that fMRI, CBV, and CBF increases in the VPM of the thalamus are concordant with increases in MUA and LFP signals in the same region. Because the thalamus is a complex structure, including regions of mainly excitatory or mainly inhibitory neurons (Steriade et al., 1997), additional detailed studies will be crucial to relate neuroimaging and electrophysiology signal in other thalamic regions during SWD. Figures 3 and 7 , respectively. F, CBF during whisker stimulation. G, MUA signal amplitude (Vrms) during whisker stimulation. Overall across conditions, S1BF and VPM showed increases in all measurements (BOLD, CBV, CBF, LFP, and MUA). CPu showed large increases in LFP, a small increase in MUA, but a large decrease in BOLD, CBV, and CBF. **p Ͻ 0.01, ANOVA with post hoc Bonferroni's correction for multiple comparisons. Note that y-axes are drawn to the same scale for similar measurements for A and B (BOLD, CBV), for C and F (CBF), and for E and G (MUA). Thal, Thalamus.
The caudate-putamen has been reported to play a modulatory role in the control of SWDs (Deransart et al., 1998) . Interestingly, the caudate-putamen shows mainly fMRI decreases in human studies of SWDs (Moeller et al., 2008a,b; Bai et al., 2010; Berman et al., 2010) . In a human study, the basal ganglia have also shown fMRI deactivations during acupuncture (Hui et al., 2000) . Decreases in fMRI signals could arise from several mechanisms, including primary neuronal, primary vascular, or neurovascular coupling alterations (Blumenfeld, 2007; Motelow and Blumenfeld, 2009 ). Under normal conditions, primary neuronal mechanisms are thought to drive most BOLD fMRI signal decreases, when a decrease in neuronal activity and oxygen consumption occurs in the setting of an even greater reduction in CBF (Shmuel et al., 2002 (Shmuel et al., , 2006 Stefanovic et al., 2004; Devor et al., 2007) . A primary neuronal mechanism is likely to explain BOLD fMRI decreases seen during cortical slow oscillations in limbic seizures, in which cortical neuronal firing, CBF, and CBV all decrease (Englot et al., , 2009 ). However, in our present measurements from CPu, we observed BOLD, CBV, and CBF decreases along with neuronal electrical activity increases, so that a primary decrease in neuronal activity is not the mechanism. In a tonicclonic seizure model, altered neurovascular coupling produced BOLD decreases in the hippocampus, because large increases in neuronal activity and oxygen consumption exceeded increases in CBF and CBV . Altered neurovascular coupling has also been reported in other forms of epilepsy (Fink et al., 1996; Suh et al., 2006) . However, the present results do not reflect an insufficient increase in CBF in the face of neuronal activity increases. Rather, the CPu shows an opposite change, suggesting that a primary vascular decrease in CBF is the most likely mechanism for the reduced BOLD signals in CPu.
A primary vascular decrease in CBF could arise either from the "vascular steal" phenomenon or vascular spasm (Harel et al., 2002) . Factors in favor of vascular steal include the large BOLD and CBV increases we observed in cortical sensory regions neighboring CPu and the fact that a proportion of the arterial blood supply to the sensory cortex and CPu is shared (Scremin, 2004) . It has been speculated previously that decreased CBF in an area adjacent to a seizure focus may be attributable to vascular steal phenomena (Zhao et al., 2009) .
However, other studies of the CPu suggest that vasoconstriction (rather than vascular steal) could play a dominant role in producing BOLD decreases despite increases in neuronal activity. Cerebral blood volume in CPu is modulated by dopamine, with increased CBV mediated through D 1 /D 5 receptors and decreased CBV mediated through D 2 /D 3 receptors (Choi et al., 2006) . Recent studies during somatosensory stimulation have shown decreased fMRI BOLD, CBV, and CBF despite increased neuronal activity in the CPu, similar to our results; moreover, it was found that the vascular decreases could be blocked by a D 2 receptor antagonist (Shih et al., 2009 (Shih et al., , 2011 . These findings suggest that D 2 receptor activation by dopamine release during SWDs and normal somatosensory stimulation may produce direct vasoconstriction, leading to decreases in BOLD, CBF, and CBV despite local increases in neuronal activity.
Another important point to consider is the significance of large LFP signals during synchronized rhythmic neuronal activity, which may not reflect neuronal energy metabolism as directly as under conditions of transient sensory stimulation. For example, in a previous study, we found large-amplitude LFP increases during cortical slow oscillations in rat limbic seizures, which were accompanied by decreases in mean rate of neuronal firing, as well as decreases in BOLD, CBF, CBV, and cerebral metabolic rate of oxygen consumption . In the present case, we observed large-amplitude LFP increases in CPu during SWDs, along with only small increases in mean rate of neuronal firing. As already noted, the accompanying decreases in BOLD, CBV, and CBF are likely attributable to primary vascular mechanisms. However, the discrepancy between LFP and MUA signal changes may be attributable to strong activation of striatal inhibitory neurons during SWDs, giving rise to a large increase in synaptic activity but only a small increase in mean rate of neuronal firing, as reported previously in a similar model (Slaght et al., 2004) .
In summary, during SWDs in the WAG/Rij rat, we found transient focal increases in BOLD and CBV signals matched by electrophysiology and CBF recordings in regions known to be intensely involved in SWDs, such as the somatosensory barrel cortex and thalamus. Surprisingly, we found that consistent BOLD, CBV, and CBF decreases in caudate-putamen were associated with a large increase in local field potentials and a small increase in multiunit activity. Similar results were found with both SWD and normal somatosensory stimulation using CBF and electrophysiology measurements in these regions. These findings suggest that, in SWDs, as in normal brain activity, corticothalamic oxygen delivery increases in regions of increased neuronal activity. However, in the caudate-putamen, vascular signals decrease despite an increase in neuronal activity. These results support conventional interpretation of cortical and thalamic fMRI signals but raise a cautionary note about fMRI signals from caudate-putamen and possibly other subcortical regions as well, warranting additional investigation. Thus, fMRI and electrophysiology measurements generally agree in the somatosensory cortex and thalamus. However, in the striatum, these signals have had a mutual parting of the ways.
